Abstract. Based on bi-modulus theory and experimental test, the elastic-plastic model of bending bi-modulus graphite beam is established in this paper. According to the results of material test, the graphite is demonstrated to be a bi-modulus material with the ratio of compression modulus to tension modulus being approximately 1.41. By investigating the mechanical behavior of pure bending graphite beam, the deflection law of the neutral axis towards the load and the N-ε curve are obtained. It shows that the experimental results are in accordance with the theoretical elastic-plastic model of the bending bi-modulus beam established in this paper, which verifies the accuracy and rationality of the theoretical model.
Introduction
It is shown that many materials in engineering have different modulus in tension and compression, which are defined as bi-modulus materials, such as concrete in civil engineering [1] , metal in mechanical engineering [2] , graphite in nuclear engineering [3] and plastic in aerospace engineering [4] . With the progression of science and technology and the widely application of novel materials, the research on mechanical characteristics of bi-modulus materials has been a new trend. Graphite is such a kind of bi-modulus material applied to be many devices like the electrode in the steelmaking process using electric arc method, the graphite annulus used to mechanical sealing. Because of the excellent mechanical and thermal property as well as the irradiation resistance property, graphite is also applied in the construction of nuclear reactor. Recently, graphite has been studied in depth [5] [6] [7] [8] [9] .
However, few researches have been conducted considering the bi-modulus property of the material. In this paper, Material tests are firstly conducted and the ratio of compression modulus to tension modulus of graphite is investigated. Afterwards, structural experiment of the pure bending bi-modulus graphite beam is then conducted to obtain the deflection law of the neutral axis in the beam with the increase of the load and the N-ε curve. And then the accuracy of the analytical solution of elastic mechanical response of bi-modulus beam proposed in [10] is verified. Simultaneously, the whole process elastic-plastic analysis of the simply supported bi-modulus beam is conducted by introducing bi-modulus theory. The results show that the position of neutral axis and the maximum ratio of compressive stress to tensile stress during the elastic process are only related to the ratio of compressive modulus to tensile modulus but unrelated to the stress state. Finally, the accuracy of the elastic-plastic analysis considering bi-modulus property of materials is demonstrated by comparing the theoretical results with the experimental results of structural test of the simply supported graphite beam. the tensile modulus, the compressive modulus and the ratio of compressive modulus to tensile modulus Ec/Et. The results are tabulated in Table 1 .
Therefore, the results show that the graphite material has the distinct bi-modulus property. Ec/Et is approximately 1.41. As shown in Figure 1 , the bending tests are conducted by using an electronic universal testing machine (WDW-E100). The configuration and dimensions (300mm×45 mm×22 mm) of the two graphite specimens are shown in Figure 2 and Figure 3 . Eight strain foils, marked No.1 to No.8 respectively, are set on each specimen, of which the positions are shown in Figure 4 and Figure 5 . Therefore, the results show that the graphite material has the distinct bi-modulus property. Ec/Et is approximately 1.41. 
Elastic Analysis Structural Experiment

Test Results
Neutral Axis
Calculate the mean of the strains at the points marked No. Figure 6 , the curve reflecting the relation between the deflection of the neutral axis (δ=Δ/h) and the load can be obtained as Figure 7 , where ε1 is the strain on the top surface of the middle cross section; ε2 is the strain on the bottom surface of the middle cross section; h1 and h2 are the distance of the neutral axis towards the top surface and the bottom surface, respectively; h is the height of the specimen; Δ is the distance of the neutral axis towards the middle height of the specimen. 
(a). Test point (No.1). (b). Test point (No.2). (c). Test point (No.3). (d). Test point (No.4). (e). Test point (No.5).
Fig. 8. Stress-strain relation at each point.
Comparison of Theoretical and Experimental Results
Eq. (1) is the strain expression of bending beam subjected to the lateral force [10] .
where Ec and Et are compressive modulus and tensile modulus, respectively; M is the moment at the middle cross section; b and h are the width and the height of the middle cross section, respectively.
According to the Eq.(1), the theoretical results of strain at each point can be gained and the comparison of theoretical results and experimental results of strain at each point is shown in Figure  9 . It is shown that the theoretical results calculated by using the bi-modulus analytical solution proposed in [10] show great accordance with the experimental results in this paper, which verifies the validity of the analytical model in [10] .
(a). Test point (No.1). (b). Test point (No.2). (c). Test point (No.3). (d). Test point (No.4).
(e). Test point (No.5). Fig. 9 . N-ε curve during the elastic period.
Elastic-Plastic Analysis
Theoretical Analysis
As shown in Figure 10 , a simple supported bi-modulus beam (2L×b×h) is subjected to two symmetrical concentrated loads P. The compressive modulus and tensile modulus are respectively Ec and Et. And the compressive yield coefficient and the tensile yield coefficient are respectively k1 and k2. According to the Mises yield criterion, we have
It is worth nothing that the bi-modulus beam investigated is a kind of the plane stress structure and there is no shear stress in the pure bending section. Therefore, we have It is assumed that in elastic region, the height of the tensile region and compressive region are respectively ξ1(x) and ξ2(x). The distribution of stress along the height of the cross section is shown in Figure 11 . The expressions in detail are written as below 
According the continuity of stress at the inflection points, we have 
Then we have Therefore, ξ1/ξ2 is a constant. When ξ1→0 or ξ2→0, the tensile region and compressive region reach saturated simultaneously.
The plastic development of the bi-modulus beam is divided into four periods, including the elastic period, the first elastic-plastic period, the second elastic-plastic period and the plastic period.
(1) The elastic period During this period, the maximum tensile stress and compressive stress are both less than the control stress. The moment of the bi-modulus beam is
The concentrated force on the bi-modulus beam is
2) The first elastic-plastic period The plastic region starts to develop at either the top region or the bottom region of the cross section of the bi-modulus beam, while another region still keeps in elastic period. The plastic region is identified according to α and k1/k2. 
, the plastic region will firstly develop at the bottom region with the top region keeping elastic state. And we have      22  3  2  2  2  2  1  2 33
, the plastic region will develop at both the top and bottom region simultaneously. The plastic development will go straightly into the second elastic-plastic period with the first plastic period omitted and we have
The second elastic-plastic period Both the top region and bottom region will go into plastic state but the whole region is underdeveloped. Then we have
The plastic period Under the ideal condition, the plastic region develops completely in the bi-modulus beam and the structure will be destroyed finally. The moment can be described as below 
Structural Experiment
Experimental analysis during the elastic-plastic period is conducted according to the same tests in Section 3.1.
Comparison of Theoretical and Experimental Results
Take as examples the specimens in the experiments and obtain the N-ε curve at different test points using the elastic-plastic bi-modulus theory in Section 4.1. The comparison of the theoretical results with the experimental results is shown in Figure. 12. It is shown that the elastic-plastic analysis method proposed in this paper can describe the elasticplastic development in bi-modulus beam accurately and rationally.
Conclusions
In this paper, material tests, structural experiment and the elastic-plastic analysis of bi-modulus graphite beam are conducted. The conclusions in details are as below:
(1) Graphite is a kind bi-modulus material, with Ec/Et 1.41 approximately.
(2) The strain in the tensile region is higher than the stain in the compressive region, which indicates that the neutral axis deflects towards the compressive region. Simultaneously, the deflection increases with the increase of the load.
(3) Comparing with results of the structural experiment, it is verified that the analytical solution of bending bi-modulus beam subjected to lateral force in [10] is accurate and rational.
(4) Comparing with results of the structural experiment, it is verified that the elastic-plastic analysis method proposed in this paper is rational and reliable.
(5) The plastic mechanical law of the simple supported bi-modulus beam is listed as below, a) During the elastic period, as the external force increases, the position of neutral axis keeps constant. During the plastic period, with the external force increasing, the neutral axis moves to the top surface of the cross section. The final position of the neutral axis is determined according to the ratio of tensile yield limit and compressive limit. b) Under the condition that the tensile yield stress and compressive yield stress keep constant, with the increase of the Et/Ec, the first elastic-plastic region extends and the elastic region and second elastic-plastic region contract. c) During the elastic period, Et/Ec has a relatively strong effect on the stress distribution. The maximum tensile stress can be decreased by decreasing Et/Ec and the maximum compressive stress can be decreased by increasing Et/Ec. However, after the plastic region develops in the bi-modulus beam, the effect of Et/Ec on the stress distribution decreases. d) With the plastic region extending in the bi-modulus beam, the effect of Et/Ec on the strain distribution does not decrease. Therefore, the maximum of tensile strain and compressive strain can be changed by changing Et/Ec. When Et/Ec is more than 0.5, the maximum of tensile strain and compressive strain will increase as Et/Ec increases during the elastic-plastic period.
